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INTRODUCTION
Crack sealing is an effective method of roadway maintenance (1, 2) . Ideally, a sealant would last 12 to 15 years, until the roadway surface is overlayed or recycled (3) . In practice, however, sealant service life is often much shorter, 3 to 7 years (4, 5) , which could be partly due to the high temperature sealant installations.
Laboratory studies have demonstrated that high heating temperatures and extended heating at the manufacturer's suggested installation temperatures can lead to sealant degradation (6) . Sealant properties are thus affected and sealant service life may be unduly shortened. Unfortunately, sealant degradation is not accounted for in sealant specifications, nor is it always fully recognized in sealant installation guidelines. For instance, the FHWA manual of practice (7) simply states: "… it is generally recommended that kettles be filled to at least one-third of their capacity to avoid overheating the material…". The Canadian best practice (8) is clearer in its statement: "Degradation is kept to a minimum by short heating times below 180°C. Hence, sealants should be heated to the lowest temperature recommended by the supplier (e.g., 175°C if the recommended application temperature is 175°C to 195°C). High temperatures can increase the rate of sealant degradation, and long heating times lead to sealant degradation, even at recommended installation temperatures". The absence of field studies, however, may have prevented the widespread recognition of possible sealant degradation during installation.
It is only recently that a field study has shown the effect of thermal history on sealant (9) . The repeated pre-installation heating of a low sealant volume near 140°C was shown to degrade a sealant to such an extent that upon mixing with fresh sealant the performance of a full kettle of material was compromised.
The goal of this paper is to further substantiate the importance of thermal history on sealant characteristics. The results of a field case study, where a nearly full kettle of sealant was reheated before installation, are presented. The results show that sealant degradation was most important early in the installation. Before the results are discussed, however, it is useful to provide some background on the physico-chemical methods of analysis used to assess the extent of sealant degradation.
Physico-Chemical Methods of Analysis
Bituminous sealants are mixtures of bitumen with a rubbery material and, often, a filler. The rubbery material is a styrene-butadiene (SB) copolymer or ground tire rubber (GTR), or both, and the filler is most often limestone (10, 11) . The SB copolymer, which contains a polybutadiene (PB) and polystyrene (PS) blocks, can be linear or branched (12) . To determine which pathways cause bituminous sealants to age, sealants are analyzed by several physico-chemical methods, namely, Fourier-transform infrared spectroscopy (FTIR), thermogravimetry (TG), gel-permeation chromatography (GPC) and dynamic shear rheometry (DSR). Table 1 shows the basis for the use of these methods Because sealants absorb infrared light (11), Fourier-transform infrared spectroscopy (FTIR) can be used to study the aging of sealants. FTIR provides a spectrum of infrared light absorbances, which is a fingerprint of composition (13) . Absorbances for bitumen and the PS and PB blocks of the copolymer do not overlap and thus provide independent measures of change in bitumen and copolymer blocks (10) . Hence, changes in the chemical composition of the sealant can be tracked throughout its installation. Table 2 shows the infrared absorbances of interest. The absorbance that arises from the inert calcium carbonate filler serves as an internal standard in monitoring changes in bitumen or copolymer due to heat. In high resolution TG, a sealant is slowly heated from 50°C to 850°C. It is a method of controlled combustion in which mass loss is measured as a function of temperature. For sealants, four regions of mass loss are obtained: light, medium and heavy oils at 50-350°C, 350-500°C, and 500-600°C, and mineral filler at 600-750°C (14) . The standard deviation on mass loss is typically 2.5% by weight or better. Mass loss due to sealant installation can thus be measured by comparison with a virgin unheated sample.
Gel permeation chromatography (GPC) is a method that allows for the fractionation of the bitumen and the SB copolymer in a sealant based on molecular size (9, 12) . The method is reminiscent of the sieving of aggregates. The results are expressed in minutes, which are converted to molecular weight with the help of a calibration curve. Molecular weights are typically around 700 g/mol and 140 kg/mol for bitumen and copolymer, respectively. Expressed in different terms, if bitumen components were the size of a man of 70 kg, then the copolymer would be the size of three large elephants, 14 metric tons. Hence, it is easy to fractionate bitumen and polymer based on size.
To determine the effect of the physico-chemical change in the sealant on its rheological properties, dynamic shear rheometry (DSR) was used. This is a common method of binder analysis, now used in a standard test (15) . In an effort to mimic the opening of a crack during winter and the resulting deformation, creep and recovery is commonly measured under single shear loads (9, 16).
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EXPERIMENTAL
Material and Installation
The sealant was installed during a rout and seal operation (17) . It purportedly met the ASTM D6690, type IV, specification (18) . It was heated in a 1500 L kettle equipped with a rocking bed agitator (3). The suggested sealant application temperature was 185-200°C. The measured mean heating temperature was 187°C, with a standard deviation of 15°C (3).
Sealant Collection and analysis
About 500g of sealant were collected every hour upon the start of installation and up to 5h of that start. Samples were collected in steel troughs with a 25 x 25 mm cross-section, simulating an actual rout. The samples were labeled Nk0 to Nk5, where N was the sealant, k stood for "kettled" and the number indicated the collection time, in hours, after the start of the installation. For example, Nk0 was the sample collected immediately upon the start of sealant installation, after the material in the kettle had been hot for some time. Details of the thermal history were noted.
After the sealant bars were collected in the troughs, they were wrapped in aluminum foil and stored in a freezer at -20°C until they were analyzed by FTIR, TGA, GPC and DSR. The sample preparation for these analyses and the experimental conditions for data acquisitions is provided elsewhere (9, 12, 14) .
RESULTS AND DISCUSSION Thermal history
Through on-site observations and discussions with the contractor, it was determined that the kettle was approximately 80% full of sealant when the contractor started to heat it for later installation. Intense heat was applied in an effort to quickly melt the large sealant mass so that it could be liquefied and stirred.
It was estimated that before installation began, the sealant had been heated to high temperatures for several hours, including i) a few hours at the application temperature of 185-200°C from the operations of the previous day, and ii) a minimum of 4 hours at 100-185°C for the cool-down time from the previous day of operation and the warm up time for the day's operation. Fresh sealant was only added to the kettle after the sealing operation had begun.
It was thus of interest to determine the effect of the thermal history and installation on the aging of the sealant. As indicated in Table 1 , possible aging included oxidation of bitumen and mass loss, and SB copolymer degradation by mechanisms that are depicted in a companion paper (12) .
Oxidation
The infrared spectrum of sealant Nk0, collected as the crack sealing work began, is shown in Figure 1 . It showed little, if any, absorbances at 1700 cm -1 and 1030 cm -1 , and neither did any of the samples collected later. As indicated in Table 2 , these absorbances respectively arise from carbon and sulfur oxidation. Their absence in the collected 12/4/2007sealants clearly demonstrated that despite the extended heating, the bituminous sealant in the kettle had not oxidized. This is in contrast to the oxidation of bitumen during paving operations (19) , but in accordance with the results for another sealant installation (9) . The results thus clearly indicate that in the kettle there is very little, if any, diffusion of oxygen within the sealant mass. 
Mass loss by evaporation
When sealants are heated they often emit fumes. Given that sealants sometimes contain a light fraction, or light oil, that provide for increased flexibility at low temperatures, the fumes may be a manifestation of the evaporation of these oils. If this were the case, low temperature performance would suffer.
From TG, the content of light, medium and heavy fractions in the virgin unaged sealant (Nvh) was about 21%, 36% and 21% respectively, with a filler content of about 8% (Table 3 ). The composition varied slightly with installation time, but a trend in the data was only established when the light, medium and heavy fractions were ratioed against the filler content, which served as internal standard (Figure 2 ). For convenience, the various fractions were annotated as organic material, which simply indicated that it contained carbon, as opposed to the filler. Figure 2 shows that the organic material/filler ratio increased from Nk0 to Nk5. There was thus less organic matter in the sealant early in the day. As virgin sealant was added to the kettle in the day, the ratio increased, until it was near that for the unheated material, Nvh. This trend indicated that sealant N was in its most degraded state early in the morning. The trend in Figure 2 showed that organic matter (bituminous and polymeric material) had been lost prior to sealant installation. Nk0, collected early in the morning, had almost 10% more filler than the virgin Nvh. As will be seen later, a sealant with greater filler is stiffer and less elastic. Figure 2 also shows that the light and heavy fractions were almost identical in all the samples, which demonstrated that light oils were not preferentially lost due to heating and installation.
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All sealant fractions were lost due to its pre-installation history. This indicated that all organic matter likely degraded due to heat in a sequence of thermal degradation and evaporation, a process similar to the cracking of hydrocarbons used in gasoline production (20) . It is thus the loss of all sealant fractions that contribute to the fuming of sealant during installation.
Polymer Degradation
As indicated in Table 2 , GPC and FTIR can be used to study the degradation of the SB copolymer in sealants. Figure 3 shows the GPC results for the virgin unheated Nvh, and the samples collected at the beginning (Nk0) and after 5h into the installation (Nk5). The results for Nk0 indicated that the original sealant N contained a mixture of three SB copolymers, A, B and C. A comparison of the heated and unheated samples showed that all three copolymers degraded when heated. This was seen as a reduced signal from copolymers A, B, and C in the sealants collected from the kettle.
Most interestingly, the results in Figure 3 showed that the sample collected early in the morning (Nk0) contained less copolymer than that collected after 5h in the kettle (Nk5). In other words, degradation was greater early in the morning. This was consistent with the height of the background (peak D in Figure 3 ), which arose from low molecular weight polymeric by-products. The figure does not show the results for Nk1 to Nk4, for improved clarity, but the polymer content increased progressively for each sample collected through the day, going from Nk0 to Nk5. This trend indicated that the polymer content in sealant N was the lowest in the morning and that it increased throughout the day as aged sealant in the kettle was replaced with fresh one. Most importantly, however, the results indicated that the sealant was aged before being applied because of its thermal history, which was consistent with the results from TG ( Figure 2 ). (Table 2 ) and the immunity of the filler signal to heat, the change in total copolymer content may be assessed from the absorbances of the PS and PB blocks ratioed against the filler absorbance, for example, A 966 /A 873 ( Figure 4 ). The signal from the PB block was fairly constant throughout the day, which indicated that the total concentration of PB was not affected by the installation. However, the PB concentration was greater than that in the unheated virgin sealant, an increase only explained by a relative loss of bitumen in the sealant due to the thermal history. This bitumen loss was again consistent with a mass loss measured by TG. The trend for the PS was the same, and this led to a nearly constant PB/PS ratio (A 966 /A 699 ) as shown in Figure 4 . It is thus concluded that sealant thermal history and installation had no effect on the total polymer concentration and that the effect of heat was limited to a shortening of the copolymer chains. As will be seen this change has a large effect on sealant rheology and possible performance. 
Sealant creep and elastic recovery
Changes in polymer content and molecular weight are expected to affect sealant flow properties (21), including creep strain under load and elastic recovery, or permanent deformation upon load removal (9) . The thermal history of the sealant can thus have an important effect on its response to tensile loads from crack movement and to shear loads from traffic.
As expected, the creep strain and permanent deformation of sealant N was affected by heat ( Figure 5 ). The permanent deformation was the lowest in the unheated virgin material and the highest in the most degraded sample, Nk0. Thus the greater was the aging the lesser was the elasticity. The creep strain fluctuated with the extent of degradation ( Figure 5 ), and it correlated well with the copolymer content (r 2 = 0.95), a correlation analogous to that plotted in a previous field study (9) . This demonstrated that the rheological properties of sealant N were for the most part dictated by its copolymer.
SUMMARY AND CONCLUSION
The characteristics of a bituminous crack sealant were determined after its collection during a rout and seal operation that started with the reheating of a full kettle of sealant. It was found that degraded sealant was applied to the roadway throughout the operation and that thermal history was of the utmost importance, as sealant degradation was greatest early in the operation. Extended heating at moderate to high temperatures (130°C to 185°C) had compromised a full kettle of sealant. Fresh sealant was added to the kettle as the operation progressed and the overall level of degradation progressively decreased, but the applied sealant was always stiffer than the unaged sealant due to the early thermal degradation.
From physico-chemical analysis, both the bituminous and polymeric components of the sealant were found to degrade. Bitumen was lost through volatilization and the polymer degraded primarily through the breakdown of the PB segments in the SBS copolymer. The result was an effective stiffening of the sealant.
The results of this study highlight the need for more effective specifications and control procedures. Material specifications must account for sealant aging, and installation specification must address thermal history by placing an upper limit on the volume of sealant that can be reheated and the length of the reheating time. Some local specifications already do, but here the availability of a state of the art installation specification did not prevent the reheating of a full kettle of sealant. This is an issue of control and verification that would be much facilitated by an effective mean of measuring in the field the extent of sealant degradation.
